A low-carbohydrate ketogenic diet remains one of the most effective (but mysterious) treatments for severe pharmacoresistant epilepsy. We have tested for an acute effect of physiological ketone bodies on neuronal firing rates and excitability, to discover possible therapeutic mechanisms of the ketogenic diet. Physiological concentrations of ketone bodies (␤-hydroxybutyrate or acetoacetate) reduced the spontaneous firing rate of neurons in slices from rat or mouse substantia nigra pars reticulata. This region is thought to act as a "seizure gate," controlling seizure generalization. Consistent with an anticonvulsant role, the ketone body effect is larger for cells that fire more rapidly. The effect of ketone bodies was abolished by eliminating the metabolically sensitive K ATP channels pharmacologically or by gene knock-out. We propose that ketone bodies or glycolytic restriction treat epilepsy by augmenting a natural activity-limiting function served by K ATP channels in neurons.
Introduction
Approximately one-third of people with epilepsy cannot achieve effective seizure control with anticonvulsant medications. One very effective alternative is dietary treatment. The ketogenic diet, introduced in the 1920s (Wilder, 1921; Peterman, 1924; Freeman et al., 2000; Bailey et al., 2005) , is a low-carbohydrate, high-fat regimen on which ϳ30% of patients become seizure free, and ϳ60% experience significant benefit (Thiele, 2003) . This effectiveness is seen across different seizure types and seizure etiology, suggesting that rather than targeting specific causes of seizure [aside from certain metabolic disorders (Wang et al., 2005) ], the diet enhances the activity of an endogenous antiseizure mechanism.
On a ketogenic diet, the "ketone bodies" acetoacetate and ␤-hydroxybutyrate circulate at millimolar concentrations in the blood and provide an alternative fuel source to tissues, including the brain. The onset of seizure control is typically slow, probably reflecting the induction of the transporters and enzymes required for effective utilization of ketone bodies by the brain (Pan et al., 2001; Cullingford et al., 2002) . In contrast, seizure protection is lost quite quickly when the ketogenic diet is "broken" by a supply of sugar. This has been seen both experimentally (Huttenlocher, 1976) and anecdotally: with an infusion of sugar, or when patients "cheat" on the diet (e.g., by having a candy bar), seizure protection is lost in the course of tens of minutes. This rapid loss of protection coinciding with a change in energy source suggests an acute physiologic mechanism that responds rapidly to ketone body versus carbohydrate metabolism.
We tested the acute effect of ketone bodies on neuronal firing rates and excitability, to discover possible therapeutic mechanisms of the ketogenic diet. We recorded from GABAergic neurons of the substantia nigra pars reticulata (SNr), because their regular spontaneous firing is ideal for study and because they act as a "gate" for seizures (Iadarola and Gale, 1982; McNamara et al., 1984; Gale, 1986; Depaulis et al., 1994) . Inhibition of these neurons in vivo can make it more difficult to produce seizures, even when the primary stimulus for the seizure is elsewhere in the brain. Very rapid firing of SNr neurons in vivo can precede generalized seizure onset, and reduction in firing sometimes precedes the termination of a generalized seizure (Deransart et al., 2003) .
These neurons also contain an excellent candidate system for the control of neuronal excitability by metabolism: ATP-sensitive K ϩ channels (K ATP channels) (Karschin et al., 1997; Richards et al., 1997) . Best-known for their role in controlling insulin secretion from pancreatic ␤-cells (Ashcroft and Gribble, 1999) , K ATP channels are also widely expressed in central neurons. Under typical recording conditions, they appear to be mostly shut, although they can be activated by metabolic insult (Yamada et al., 2001) or coincident with cellular activity (Haller et al., 2001) . We suspected that K ATP channels play a role in the ketogenic diet or in the actions of ketone bodies, and we tested for this with channel inhibitors and with a knock-out mouse for the gene encoding Kir6.2, a principal channel-forming subunit of K ATP channels.
Materials and Methods
Coronal midbrain slices of 250 m thickness were cut from the brains of 13-to 15-d-old rats (Sprague Dawley; Harlan, Indianapolis, IN) or mice, using a vibrating tissue slicer (Vibratome, St. Louis, MO). Rats or mice were anesthetized by halothane before decapitation and removal of the brain. All procedures involving animals were approved by the Harvard Medical Area Standing Committee on Animals. Mouse strains used were wild-type BL6 or C3H mice (Charles River Laboratories, Wilmington, MA), or Kir6.2 knock-out mice (Seino et al., 2000) or their heterozygous littermates, maintained by backcrosses with wild-type BL6.
After cutting, slices were incubated at 37°C for 20 min in solution containing the following (in mM): 87 NaCl, 25 NaHCO 3 , 25 D-glucose, 75 sucrose, 2.5 KCl, 1.25 NaH 2 PO 4 , 0.5 CaCl 2 , and 7 MgCl 2 , bubbled with 95% O 2 and 5% CO 2 . Afterward, slices were moved to a recording solution and bubbled with 95% O 2 and 5% CO 2 at 37°C for another 40 min, then stored at room temperature for 0 -2 h before use. All recording solutions contained (in mM) 25 NaHCO 3 , 12 D-glucose, 2.5 KCl, 1.25 NaH 2 PO 4 , 2 CaCl 2 , and 1 MgCl 2 . Standard modified artificial CSF (ACSF) solution contained also 131.5 mM NaCl; R-␤-hydroxybutyrate (R-␤HB) solution contained 129.5 mM NaCl, 2 mM NaOH, and 2 mM R-␤-hydroxybutyric acid (Kanto Chemical, Tokyo, Japan); AcAc solution contained 129.5 mM NaCl and 2 mM Na-acetoacetate. Na ϩ -acetoacetate was prepared from Li ϩ -acetoacetate (Sigma-Aldrich, St. Louis, MO) by ion exchange on Dowex 50x8-200 and quantitated by OD at 254 nm (Hall, 1962) .
During recording, the solution supply was constantly bubbled with 95% O 2 and 5% CO 2 and delivered through a flow-through heater (Warner Instruments, Hamden, CT) at a temperature of 33-34°C. Standard cell-attached patch recording methods were used, with loose seals (several hundred megaohms), and action currents were analyzed by computer using a homemade procedure in Igor (Wavemetrics, Lake Oswego, OR).
Experiments were done in young animals [postnatal day 13 (P13) to P15], because before the time of weaning, rodents are essentially consuming a high-fat, low-carbohydrate diet comparable with a ketogenic diet (Nehlig, 1999) . The enzymes for ketone body metabolism are therefore already expressed at high levels, permitting an acute effect of ketone bodies. The ketone body concentrations used here (1-2 mM; 2 mM unless stated otherwise) were comparable with or less than the reported plasma level in children after 1 month of a ketogenic diet (Huttenlocher, 1976 ) (␤-hydroxybutyrate, 4.8 Ϯ 1 mM; acetoacetate, 1.8 Ϯ 0.3 mM), and at the low end of the concentration range used for in vitro studies (Izumi et al., 1998; Thio et al., 2000) . They are fivefold to sevenfold higher than the CSF concentrations reported for children on the ketogenic diet (Huttenlocher, 1976; Nordli and DeVivo, 1997) (␤-hydroxybutyrate, ϳ0.4 mM; acetoacetate, ϳ0.3 mM; and glucose, ϳ3.2 mM). However, we found that long-term stable recordings from acute, superfused rat brain slices require significantly higher [glucose] than the nominal CSF concentration, which we suspect is because of the relatively poor delivery produced by superfusion compared with in vivo capillary perfusion. By this comparison, the ketone body concentrations used here seem reasonably physiological (Thio et al., 2000) . Glucose concentration (12 mM) was typical for in vitro superfused brain slice preparations. Although blood glucose is somewhat depressed in humans on the diet, it seemed most conservative to maintain glucose at a constant level when adding ketone bodies. Pilot experiments with a lower concentration of glucose (5 mM) did not give different results from those reported here.
Most experiments were done and analyzed by an investigator blind to the experimental condition and to the animal genotype. Results are reported as mean Ϯ SEM unless otherwise noted.
Results

Reversible, stereoselective slowing of SNr GABAergic neuron firing by ketone bodies
We measured the spontaneous firing rate of SNr GABAergic neurons in rat or mouse brain slices using loose-patch cell-attached recordings of action currents. Fast excitatory and inhibitory synaptic inputs were blocked by including 1 mM kynurenic acid and 0.1 mM picrotoxin in the ACSF bathing the slice. The GABAergic neurons within SNr were chosen for their intermediate size and were identified by their very brief action currents (ϳ0.5 ms) and highly regular firing, which are characteristic of the GABAergic neurons and quite distinct from the properties of the dopaminergic neurons in SNr or SN pars compacta (Richards et al., 1997) . Under control conditions (12 mM glucose, 33-34°C), SNr GABAergic neurons in rat brain slices fired at 11.7 Ϯ 4.8 Hz (mean Ϯ SD; n ϭ 126), comparable with previous reports (Stanford and Lacey, 1996; Richards et al., 1997) .
When the ketone body acetoacetate was applied (in the constant presence of glucose), the firing of individual neurons measured in longitudinal recordings was typically reduced, by an average of ϳ10% (Fig. 1) . This slowing took place and then stabilized over a period of ϳ15-30 min of acetoacetate application. This was not attributable to rundown of the neurons, which were typically very stable; in fact, we found that a reverse switch, from ACSF containing acetoacetate to ACSF containing only glucose, produced faster firing over approximately the same time period (Fig. 1) .
We confirmed this effect using population samples of neuronal firing, before and after ketone body applications, on many brain slices (on each slice, we recorded from 15 neurons both before application and after 30 min of application). A similar effect was seen for the other major circulating ketone body, the R-stereoisomer of ␤-hydroxybutyrate, but not for the enantiomer S-␤HB (supplemental Fig. 1 , available at www.jneurosci.org as supplemental material), which should be transported into neurons via the monocarboxylate transporter (like R-␤HB), but not metabolized (Webber and Edmond, 1977; Carpenter and Halestrap, 1994; Jackson and Halestrap, 1996) . The ketone bodyinduced reduction in firing of ϳ10 -20% was seen also in longitudinal recordings on individual SNr GABAergic neurons in several strains of mice, including BL6 and C3H.
Greater slowing is observed for faster-firing neurons
Is this relatively small effect of ketone bodies on neuronal firing a possible contributor to the anticonvulsant mechanism of the ketogenic diet? Many anticonvulsant drugs exhibit "use dependence," which makes their effects more prominent at high firing rates (Macdonald and Kelly, 1995) . We examined our many longitudinal recordings of the ␤HB effect to look for a correlation between the firing rate of a cell under control conditions (glucose alone), which varies naturally over a substantial range, and the magnitude of the ␤HB effect (firing rate in glucose plus ␤HB as a fraction of the firing rate in glucose alone) (Fig. 2 A) . We found a strong correlation between faster firing and a larger ␤HB effect [ϳ1% per Hz (see Fig. 2 legend)]. The effects did not result from greater rundown of faster-firing cells, as the reverse switches from ␤HB to glucose alone fit the same pattern.
To test more directly for the effect of faster firing on the magnitude of the ketone body effect, we used a brief challenge with low Ca 2ϩ ACSF to increase the firing rate of neurons either in glucose alone or with ␤HB (Fig. 2 B) . In glucose alone, perfusion of low Ca 2ϩ ACSF increased the firing rate by 2.24-fold (Ϯ0.15), whereas in the presence of ketone bodies, the average increase was only 1.84-fold (Ϯ0.09; different from glucose with p Ͻ 0.01). In other words, in the presence of ␤HB, the neurons were more resistant to a challenge that causes them to fire faster. On these samples of neurons, the firing rate of the 16 neurons in ␤HB was only ϳ16% lower than that of the 18 neurons in glucose when measured in normal Ca 2ϩ , but for the same neurons, the firing rate when challenged with low Ca 2ϩ was more substantially lower in ␤HB (ϳ32%; p Ͻ 0.01) than with glucose alone. K ATP channels are required for the ketone body effect Because K ATP channels are the best-characterized connection between metabolism and neuronal excitability, we examined their role in the ketone body-induced slowing. We first tested the effects of simply applying sulfonylurea inhibitors on control firing rates. Application of glibenclamide (100 nM) or tolbutamide (200 M) to SNr GABAergic neurons made very little difference in firing rate, suggesting that these channels may be completely closed under ordinary recording conditions. However, activation of K ATP channels with the K ϩ channel opener diazoxide (200 M) typically produced slowing or even silencing of SNr neurons (firing rate/control ϭ 51 Ϯ 26%, rat; mean Ϯ SD; n ϭ 11).
Blockade of K ATP channels with either of the sulfonylurea inhibitors prevented the slowing of firing that was otherwise seen with ketone body wash-in ( Fig. 3; supplemental Fig. 1 , available at www.jneurosci.org as supplemental material), suggesting an important role for K ATP channels in the effect. We were concerned, however, that some of the effects of the sulfonylureas might not be on the well described K ATP channels present in the surface membrane of SNr and other central neurons, but rather on mitochondrial K ATP (mitoK ATP ) channels (Jaburek et al., 1998) . These channels are more controversial, and many of the phenomena attributed to mitoK ATP channels are suspected to be nonspecific effects of diazoxide and the sulfonylurea drugs (Hanley et al., 2002) . The molecular basis of mitochondrial K ATP is also not known. Surface membrane K ATP channels in SNr neurons (and in many other cells, including pancreatic ␤ cells) consist of heterooctamers including four Kir6.2 pore-forming subunits coassembled with four SUR1 sulfonylurea-receptor subunits (Liss et al., 1999) . It has been shown that in knock-out mice lacking the gene that codes for the Kir6.2 subunit (Seino et al., 2000) , the pharmacological phenomena associated with mitoK ATP channels are still present, but the surface K ATP channels in . Ketone body effect is larger at higher firing rates. A, With natural variation in initial firing rates, the reduction in firing rate is larger for faster initial rates. Regression line and 95% confidence interval lines are shown; regression is ratio ϭ 1 Ϫ 0.0097 ϫ rate (Hz). Slope differs from zero with p Ͻ 0.0001. Data points are shown for glucose-to-␤HB switches for cells from BL6 (BL6-fwd) and C3H (C3H-fwd) and for reverse switches in C3H (C3H-rev). Each group individually has a significant correlation, with p Ͻ 0.025 (Spearman). B, In the presence of ␤HB, neurons are more resistant to higher firing in reduced-Ca 2ϩ ACSF. Individual cells in BL6 slices were recorded at baseline, in the indicated condition, and then exposed for 5 min to reducedCa 2ϩ ACSF (1 mM total CaCl 2 ). Each line represents the response of an individual cell; symbols give the mean and SEM of the firing rate for each group and condition. . Ketone body effects on firing rate and their dependence on K ATP channels and GABA B receptors. For each condition, the firing rate of many individual cells was monitored for 30 -40 min after a metabolic switch, and the firing rate for the final 5 min was normalized to the firing rate before the switch. The metabolic switch was from glucose to glucose plus ␤HB (2 mM) for all except rat, which was glucose to glucose plus AcAc (2 mM); the final three symbols indicate results for the reverse switch from ketone body containing solution to glucose alone, plotting the initial rate divided by the final rate. The shaded zone indicates the 95% confidence interval for the forward switch in ␤HB on BL6 cells. The K ATP blocker was tolbutamide, present at 200 M for at least 10 min before the switch (300 M for C3H slices). The metabotropic blockers (also present for at least 10 min before the switch; BL6, shaded squares) were the dopamine receptor antagonist fluphenazine (1 M), the mGluR antagonists CPPG (200 M) and CPCCOEt (100 M), and the GABA B antagonist CGP55845 (2 M). ␤ cells and in SNr neurons are eliminated (Yamada et al., 2001; Suzuki et al., 2002) .
We therefore compared the ␤HB-induced slowing effect in wild-type BL6 mice, in Kir6.2 knock-out mice, and in the heterozygous littermates of the knock-outs. We found that SNr GABAergic neurons from wild-type and heterozygous Kir6.2 (ϩ/Ϫ) mice exhibited a normal slowing with application of ␤HB or acetoacetate, but that the effect was completely absent in the Kir6.2 (Ϫ/Ϫ) mice ( Fig. 3; supplemental Fig. 2 , available at www.jneurosci.org as supplemental material). This result argues for the involvement of surface K ATP channels rather than mitoK ATP channels in the effects of ketone bodies on firing rate.
Are K ATP channels opening after ketone body application?
Our data suggested that K ATP channels are required for the ketone body effect, and in particular that K ATP channels, opening in response to ketone body application, produce the slower firing rate of the SNr neurons. These neurons have very high input resistances (Richards et al., 1997) , so that even a small increase in K ϩ conductance could slow their firing rates. Rather than make an error-prone determination of input conductance over a long experiment with ketone body application, we thought that a straightforward way to implicate K ATP channels in the effect would be to apply glibenclamide or tolbutamide to neurons that had previously been incubated in ␤HB. We would then expect to see a rapid increase in the firing rate, which we knew did not occur under control conditions. Surprisingly, we did not observe any increase in firing rate on applying these sulfonylurea inhibitors to neurons previously incubated in ␤HB, either on a short time scale (Fig. 4) or on a longer time scale of 30 -40 min. In other words, previous application of sulfonylureas is capable of preventing the ketone body effect (as is the knock-out), but sulfonylureas cannot reverse the effect, even on the time scale on which removal of ketone bodies can reverse the effect. We considered two possible explanations for this outcome. One is that the K ATP channels are somehow required at an early step to set the ketone body effect in motion, but once this is done, they are no longer needed. This would also require that the ability of ketone bodies to sustain the effect is somehow K ATP independent.
The other explanation is that ketone body application and opening of K ATP channels produces a subsequent sulfonylurea insensitivity of the K ATP channels. There are precedents for such a loss of sulfonylurea sensitivity. Sulfonylurea sensitivity of K ATP channels can vary greatly between different cells expressing identical Kir6 and SUR subtypes and can vary with physiological changes in negatively charged lipids (Koster et al., 1999; Krauter et al., 2001) , metabolic stress (Findlay, 1993) , reactive oxygen species (Krippeit-Drews et al., 1999) , intracellular Ca 2ϩ (Koriyama et al., 2001) , cytoskeletal disruption (Brady et al., 1996) , or nucleotide levels (Brady et al., 1998) . Ketone bodies could alter one of these parameters (in parallel with ATP production) to produce blocker insensitivity.
Based on this possibility, we performed a variation on the acute sulfonylurea wash-in experiment: we applied tolbutamide both before and during presentation of ␤HB and then recorded neuronal firing rate during acute washout of tolbutamide. If all of the conditions for K ATP opening are produced during ␤HB application, but the channels are prevented from opening by the constant presence of tolbutamide, then tolbutamide washout should lead to a rapid activation of K ATP channels and a slowing of the firing rate. Indeed, washout of tolbutamide under these conditions leads to a slower firing rate in the presence of ␤HB, comparable with the slower firing seen after a direct switch into ␤HB but occurring much more promptly (Fig. 5, black trace) . This result supports the conclusion that the slower firing is caused by K ATP opening induced by the metabolism of ketone bodies.
GABA B signaling is also important for the ketone-body induced slowing
Our initial experiments used kynurenate to block fast synaptic responses to glutamate and picrotoxin to block fast responses to Recordings began in glucose plus ␤HB plus tolbutamide at or before 30 min, and then a switch to glucose plus ␤HB occurred at 35 min. After a lag for the perfusion delay and tolbutamide washout, the firing rate quickly falls to approximately the rate seen for the ordinary forward switch. Numbers of experiments contributing to each trace (with smallest n at latest time points) are as follows: blue, n ϭ 8 -15; red, n ϭ 7; green, n ϭ 9 -16; and black, n ϭ 12-29.
GABA, but slower responses through metabotropic receptors were not blocked. It seemed particularly important to investigate the role of these pathways given the possibility that K ATP channels might be acting at an early step in the ␤HB-induced slowing.
We tested an array of metabotropic receptor blockers acting on mGluR, dopamine, and GABA B receptors. Only the GABA Bselective compound CGP55845 blocked the firing rate effect of a switch from glucose alone to ␤HB. This effect was seen both at concentrations of 2 M and 200 nM, making it likely that it was caused by a specific blockade of GABA B receptors.
We found that blockade of GABA B receptors by CGP55845 could prevent the slowing effect of a metabolic switch when applied in advance and could also reverse the effect promptly when applied after the slowing had occurred (Fig. 4) , showing that GABA B activation is required for the effect. This effect of GABA B blockers is also dependent on K ATP channels, as previous blockade with glibenclamide or genetic knock-out of Kir6.2 prevented the faster firing produced by CGP55845 application in the presence of ␤HB.
Ketone body metabolism has been proposed to increase GABA synthesis in neurons (Yudkoff et al., 2001 ) by changing the distribution of metabolic precursors. This could augment existing GABA signaling pathways by, for instance, increasing vesicular content of GABA. Such an effect might improve neuronal inhibition through both GABA A and GABA B receptors and lead to a slower firing rate, but it would not be predicted to depend on K ATP channels as does the ketone body effect studied here. Indeed, responses to the GABA B agonist baclofen are substantial in these neurons even in the presence of K ATP blockers or in the Kir6.2 knock-out (data not shown). We also found that the effect of ketone bodies was not altered in the absence of picrotoxin, as might be expected if GABA A signaling were enhanced by the ketone bodies.
Discussion
Ketone bodies reduce the firing rate of SNr neurons by opening K ATP channels Our data show that the effect of ketone bodies on SNr neurons is to slow their firing rate, even when fast synaptic transmission is blocked. This effect requires the presence of both functional K ATP channels and intact GABA B signaling. What is the relationship between ketone bodies, K ATP channels, and GABA signaling? K ATP channels are required for the effects of ketone bodies on firing rate, and our results argue that K ATP channels are opened rather than closed by ketone bodies. Application of sulfonylurea inhibitors of K ATP channels prevents but does not mimic the effect of ketone bodies (Figs. 3, 4 ; supplemental Fig. 1 , available at www.jneurosci.org as supplemental material), whereas release of blockade by tolbutamide washout allows the effect to occur quickly (Fig. 5) .
To explain the requirement for both K ATP channels and GABA B receptors, one possibility is that opening of K ATP channels promotes GABA B inhibition of SNr neuron firing. Presynaptic K ATP responses have been described in the SNr (Stanford and Lacey, 1996) , although a first-order effect (opening of presynaptic K ATP channels) would decrease rather than increase GABA B release onto SNr neurons. In principle, a second-order presynaptic effect (decreased inhibition of the immediate presynaptic release) would have the correct sign. Alternatively, it might be that tonic GABA B signaling is required for the opening of K ATP channels in SNr neurons. There have been several reports of K ATP channel activation by G-proteins and G-protein-coupled receptors (Terzic et al., 1994; Sanchez et al., 1998; Smith et al., 2001) , including activation by GABA B receptors in central neurons (Roeper et al., 1990; Mironov and Richter, 2000) . Some level of GABA B tone could be important for establishing the set-point for K ATP activation, either by direct G-protein modulation or perhaps by modulating the level of phosphoinositide lipids that are known to influence K ATP opening (Baukrowitz et al., 1998; Shyng and Nichols, 1998) .
Ketone bodies, glycolysis, and K ATP channels: a hypothesis Why would ketone body metabolism lead to opening of K ATP channels? In ketosis, ketone bodies can partially or mostly replace glucose as a fuel for the brain; in early experiments on fasted humans, ketone body utilization replaced ϳ60% of glucose utilization (Owen et al., 1967) .
Early studies on the ketogenic diet in rodents (Appleton and DeVivo, 1974; DeVivo et al., 1978) found that in whole-brain extracts, the levels of substrates in the glycolytic pathway are altered, consistent with reduced utilization of glucose for energy. This fits with the classical understanding of the regulation of glycolysis. Ketone bodies are metabolized directly in mitochondria by oxidation in the tricarboxylic acid cycle, and oxidative metabolism is known to downregulate glycolysis through modulation of a key glycolytic enzyme, phosphofructokinase I.
Altered glycolysis is thus the main difference between metabolism of glucose and metabolism of ketone bodies. Although glycolysis produces only two of the ϳ30 net ATP molecules derived from the total oxidation of glucose, effective compartmentation of ATP may allow this glycolytically derived ATP to play a privileged role in controlling (Weiss and Lamp, 1989; Dubinsky et al., 1998) and fueling (Proverbio and Hoffman, 1977; Mercer and Dunham, 1981) processes in the plasma membrane [but this remains controversial (Knopp et al., 2001) ]. Also, glycolytic enzymes can be closely associated with K ATP channels, which may support compartmentation or even provide a direct pathway by which glycolysis can regulate the channels (Dubinsky et al., 1998; Dhar-Chowdhury et al., 2005) .
A ketone body-induced reduction in glycolytic production of ATP could activate K ATP channels and depress excitability, particularly when electrical activity is high. Reduced synthesis of ATP in the submembrane compartment could lower the [ATP] (and raise [ADP] ) enough to open some fraction of the plasma membrane K ATP channels. The local [ATP] should depend on the synthesis rate, on diffusion between this compartment and the rest of the cell, and on the ATP consumption (Fig. 6) . The principal consumer of ATP at the plasma membrane is the Na ϩ pump (Na ϩ ,K ϩ -ATPase), which is responsible for pumping out the Na ϩ that enters the neuron through cotransporters (such as those involved in neurotransmitter reuptake) and through the voltage-dependent Na ϩ channels that produce action potential firing. Activity leading to greater pumping has been demonstrated to produce K ATP activation in several preparations, including central neurons (Kabakov, 1998; Nguyen et al., 2000; Haller et al., 2001) . This direct connection between the level of electrical activity and ATP consumption at the membrane makes K ATP channels ideal for an anticonvulsant role and predicts a correlation between the strength of the ketone body effect and the initial rate of firing, as we observed (Fig. 2) . We propose that the ketogenic diet may work as an epilepsy treatment because by reducing glycolytic ATP production, it lowers the level of electrical activity required to trigger this natural protective mechanism.
This hypothesis makes a simple connection between the known effects of ketone body metabolism on glycolysis, the effects of glycolysis on K ATP channels, and the effects of Na ϩ pump activity on K ATP channels. It provides a potential explanation for both the basic ketone body effect and for its dependence on firing rate. The insensitivity of the ketone body response to sulfonylurea wash-in, once the effect has been established, may also indicate the presence of other mechanisms by which ketone body metabolism can modulate K ATP channels. However, the finding that channels remain closed as long as tolbutamide remains present, even in the presence of R-␤HB, could also mean that channel opening per se is required (and perhaps sufficient) for the acquisition of blocker insensitivity.
A direct pharmacologic effect of ketone bodies on K ATP channels seems unlikely, given the slow time course of the effects.
Ketone body effects on firing as a candidate mechanism for the ketogenic diet Our results indicate that the physiological ketone bodies, ␤HB and acetoacetate, can slow the firing of central neurons. The speed of this effect, its enhancement by high firing rate, and its presence in SNr neurons make it an excellent candidate mechanism for participating in the antiseizure effects of the ketogenic diet treatment.
The idea that reducing firing of inhibitory SNr neurons would be anticonvulsant seems counterintuitive, but it is well established that inhibitory neurons can participate in neuronal networks to produce synchronization and hyperactivity. The activity of SNr neurons in particular has been positively correlated with seizure activity and generalization (Bonhaus et al., 1986; Deransart et al., 2003) . It is also established that suppressing the activity of these neurons can be anticonvulsant (Iadarola and Gale, 1982) , although this effect depends on the site of antagonist injection and also on animal age (Velíšková and Moshé, 2006) .
The activity-dependent effect of ketone bodies on neuronal firing may also be more general, as a large number of central neurons express K ATP channels (Karschin et al., 1997; DunnMeynell et al., 1998; Zawar et al., 1999) . For the most part the physiologic role of these channels is unknown, although they have been proposed to play a protective role in anoxia [for instance, in anoxia-induced seizures (Yamada et al., 2001) ]. In respiratory neurons, it has been shown that K ATP channels can be activated in response to ATP consumption during normal burst firing (Haller et al., 2001) . We suggest that widespread K ATP channels in central neurons may play a generally protective role in conditions of high neuronal firing, such as in epileptic seizures, and that this protective role is enhanced by the metabolism of ketone bodies and the restriction of glycolysis that occurs during dietary treatment for epilepsy.
Relationship to other hypotheses about the ketogenic diet
The dramatic alteration of food intake with the ketogenic diet produces pervasive physiological changes that are likely to activate multiple mechanisms to reduce seizures (Schwartzkroin, 1999) . In addition to changing the fuel molecules used by neurons and glia in the brain, there may be changes in amino acid metabolism (Yudkoff et al., 2001) , endocrine signaling, circulating lipids [which may themselves affect K ATP channels (Branstrom et al., 1997; Vamecq et al., 2005) ], and other factors.
Inhibition of glycolysis by the ketogenic diet was found in the early biochemical work of DeVivo et al. (1978) . The importance of glycolytic inhibition in the mechanism of the diet is supported by the success of caloric restriction studies in animals (Greene et al., 2001) and by the success of a modified dietary therapy in humans, the Low Glycemic Index Treatment . Although neither of these manipulations produces as large increases in circulating ketone bodies as are seen on the ketogenic diet, both may moderate or limit the rate of glycolysis. GarrigaCanut et al. (2006) recently reported that treatment with the glycolytic inhibitor 2-deoxyglucose could increase seizure threshold acutely and delay the progression of epileptic kindling in rats and argued for a role of glycolytically derived NADH in the regulation of gene expression by the chromatin-remodeling factor NRSF/REST. Changes in gene expression could certainly alter excitability chronically, as well as the progression of kindling. Perhaps the more acute effect of glycolytic inhibition on seizure threshold and the prompt reversal of seizure protection by sugar are explained by the actions of K ATP channels observed here.
